Introduction
Strains of Salmonella enterica of the non-motile serotype Gallinarum (1, 9, 12:-:-) may be divided into biotypes Gallinarum and Pullorum which are the aetiological agents of two distinct diseases, fowl typhoid and Pullorum disease, respectively. As well as biochemical differences, which until now have formed the basis for their separation into biotypes [ 1-31, strains of serotype Gallinarum of biotypes Gallinarum and Pullorum differ from each other in EcoRI ribotypes [4] , plasmid profiles [3] , production of subfactors of antigen 012 [5] and in pathogenicity ~7 1 .
All strains of serotype Gallinarum seem to be closely related. Thus a neighbour-joining tree, derived from a matrix of genetic distances based on allelic variation in 29 enzyme loci, produced one cluster containing strains of biotype Gallinarum, a second containing strains of biotype Pullorum and a third containing strains of both biotypes [8] . The same division into three groups is obtained when nucleotide differences in the JEiC gene are used to measure relatedness [8] . Based on the same methods, strains of serotype Gallinarum have also been shown to be closely related to the main clonal line of serotype Enteritidis and serotype Dublin is apparently a member of the same clonal line [8, 9] Presumptive clonal lines of serotypes Enteritidis and Dublin have been identified previously by the use of molecular fingerprinting techniques [lo, 111. In the present study this approach was used to assess the chromosomal relatedness of strains of the two biotypes of serotype Gallinarum and to compare them with other serotypes of 0 serogroup D. The results are discussed in the context of the presently accepted view of subgroups of serotype Gallinarum and of the close evolutionary relationships among strains of serotypes Gallinarum, Enteritidis and Dublin.
Materials and methods

Bacterial strains, media and culture conditions
A collection of 48 strains previously serotyped as Gallinarum and biotyped as Gallinarum or Pullorum [3,4] was investigated; 10 strains of Enteritidis [lo] , eight strains of Dublin [l 11 and one strain each of six After electrophoresis, gels were stained in aqueous other serotypes of Salmonella of 0 serogroup D [l 11 ethidium bromide (Sigma) 2 pglml for 15 min, dewere also examined (Table 1) . Strains were grown in stained in distilled water for 15 min and photographed LB broth or on LB agar, as described before [lo, 1 I] .
under UV light (254 nm).
Isolation of DNA DNA hybridisations
Total DNA was isolated by a neutral SDS method [4] . DNA was transferred from agarose gels to nylon For PFGE a more gentle method was used to ensure membranes (Hybond-N, Amersham) by vacuum blotisolation of DNA of high mol. wt [12] .
ting as recommended by the manufacturer (Pharmacia) and fixed by heating for 30 min at 80°C. Hybridisations
Restriction endonuclease digestion with 1 1 -dUTP-digoxigenin-labelled probes and detection of hybrids were performed as described before Digestions with restriction endonucleases were carried [lo] . For IS200 typing, the probe was complementary out as recommended by the suppliers (Boehringer to a 300-bp internal fragment of the insertion element Mannheim or Amersham). PstI and PvuII were used IS200 [14] ; for ribotyping the probe was complemenfor IS200 typing, SmaI for ribotyping and NotI for tary to 16s and 23s ribosomal RNA of Escherichia PFGE.
coli (Sigma). Hybridisations with the IS200 probe were carried out under conditions of high stringency
Agarose gel electrophoresis (AGE)
(6 x SSC at 65°C) [13] whereas those with the ribotyping probe were done at low stringency (6 x SSC Digestion fragments of total DNA for IS200 typing and ribotyping were separated by electrophoresis overnight at 56°C).
Similarity of PFGE patterns
at low voltage (2 V/cm) through agarose 0.8% w/v gels (Litex LSL) in 1 x TAE buffer [13] . Digoxigeninlabelled phage lambda digested with Hind111 (Boehringer Mannheim) was used as a mol.wt marker. For pulsed-field gel electrophoresis (PFGE), DNA digests in agarose plugs (BioRad Chromosomal Grade Agarose) were subjected to PFGE in agarose 1.0% w/v gel in 0.5 x TBE [13] in a modified contour-clamped homogeneous electric field system (Pulsaphor Plus, Pharmacia). The running conditions have been reported previously [lo] . Polymerised phage lambda DNA (Pharmacia) was used as a molecular size marker.
Similarity of PFGE patterns was calculated by means of a computer-based similarity and clustering program (NTSYS version 1.8 from Applied Biostatistics, USA). Dice coefficients were used for similarity calculations and the similarity matrix was expressed graphically by unweighted average linkage (UPGMA). Three similarity matrices were constructed based on input of strains in a randomised order; the same clustering was obtained from each of the matrices.
Plasmids were selectively isolated [3], digested with restriction enzyme NotI and analysed by AGE to show that differences in PFGE patterns were not plasmiddetermined. The scoring of PFGE patterns was based on bands >lo0 kb as no plasmid restriction fragments 
Results
IS200 patterns
Three hybridisation patterns, each containing two bands, were observed when strains of serotype Gallinarum of biotypes Gallinarum and Pullorum were hybridised with IS200 ( Fig. 1 ). All but two strains of biotype Gallinarum from Kenya and three strains of biotype Pullorum from Denmark, Africa and the UK showed the same pattern ( IS200 (S. I1 9, 1 2 :~~~: -, Daressalaam) or had between four and seven copies of IS200 in their genome (Eastbourne, Javiana and Panama).
The ribotype patterns of serotype Gallinarum were different from those of other group D salmonellae analysed (data not shown). The SmaI ribotypes of serotypes Enteritidis (represented by a strain of PT3) and Dublin (represented by ribotype I according to Olsen and Skov [l 11 ) both shared 9 of 12 ribotype bands with the common types of Gallinarum and Pullorum. The strain of serotype Rostock shared seven bands with these common types and the remaining strains of other serotypes shared four or five bands.
PFGE
Thirteen PFGE profiles were observed among the strains of biotype Gallinarum and 11 other profiles among strains of biotype Pullorum. The patterns differed from those of the other serotypes analysed. Due to the complexity of the PFGE patterns, a statistical method was used to evaluate the similarity between PFGE patterns of strains of biotypes Gallinarum and Pullorum. Based on the similarity matrix, a dendrogram showing two major clusters was produced (Fig. 3) . Two clusters (a and b) joined at 70% similarity. Cluster a contained 20 strains of biotype Pullorum and one strain of biotype Gallinarum; cluster b contained the remaining 23 strains of biotype been reported for biotype Gallinarum [14] showing that the strains examined may not reflect the range of genetic diversity within serotype Gallinarum. Gallinarum and two strains of Pullorum; two strains of Pullorum remained unclustered. The clustering according to PFGE is shown in Table 2 .
Discussion
Members of the non-motile S. enterica serotype Gallinarum are believed to be closely related and to have shared most of their evolution with another important poultry-associated serotype, Enteritidis [ 81.
In the present investigation, the close relationship among strains of serotype Gallinarum was indicated by the fact that the same IS200 profile was observed in the majority of strains analysed and irrespective of their biotype. Hybridisation of Pvu II-or Pst I-digested chromosomal DNA with a probe of IS200 creates one hybridisation band for each copy of the insertion element [15] [8] . Such an investigation seems relevant in order to assess the value of ribotype analysis for taxonomic purposes.
PFGE has previously resulted in high discrimination among strains of serotype Gallinarum of biotype Gallinarum [17] , as also indicated in the present study by the large number of types observed. In contrast to IS200 patterns and ribotyping, PFGE is believed to measure relatedness over the whole genome, as all restriction sites for the particular restriction endonuclease are included. The graphical presentation of the similarity between the PFGE patterns resulted in the formation of two clusters which remained stable regardless of the order of strain input, indicating that the clustering reflects real genetic similarities.
Each cluster contained the majority of strains of one of the biotypes, as well as one or two strains of the other biotype, indicating a lack of correlation between phenotype and genotype as defined by PFGE. Both strains of biotype Pullorum that clustered with strains of biotype Gallinarum had the same ribotype pattern as strains of biotype Gallinarum, and may resemble strains of Gallinarum at a chromosomal level. One of the strains, which was atypical for biotype Pullorum in being anaerogenic (data from [3]), has been used as a representative of biotype Pullorum in experimental studies of pathogenicity and has been shown to produce typical lesions of Pullorum disease [7] . Thus, the chromosomal markers that have been investigated in the present study are not always good markers for the presence of the, as yet unknown, factors responsible for pathological differences between fowl typhoid and Pullorum disease. The strain of biotype Gallinarum that clustered with the majority of strains of Pullorum by PFGE showed the common IS200 and ribotype patterns of biotype Gallinarum and did not show any unusual phenotypic properties when analysed for 74 different characters (see Christensen et al. [3] ). It was not possible by the methods used here to explain why this apparently typical strain of serotype Gallinarum biotype Gallinarum shows a larger overall genomic similarity to strains of biotype Pullorum than to those of biotype Gallinarum.
Two strains of Pullorum that remained unclustered by PFGE showed the uncommon IS200 pattern, type 111, but were of two different ribotype patterns: one belonged to ribotype I whereas the other showed a unique pattern (111). Both strains are H2S positive [3] and so seem in many respects to represent atypical strains of biotype Pullorum.
The grouping of strains of serotype Gallinarum was different according to the RFLP method used; this is similar to observations made on strains of serotype Enteritidis [lo] . This may result from recombinations taking place between different clonal lines; thus, the RFLP pattern of one line, with a particular marker, may appear in another clonal line. Another possible explanation is that one or more of the RFLP patterns are caused by non-random mutations, in which case the same type may be created during evolution in strains belonging to different clonal lines. Finally, it cannot be excluded that patterns which look similar contain bands that are identical in size but do not contain the same genetic information. However, the majority of strains of biotype Gallinarum always clustered, as did the majority of strains of biotype Pullorum. This shows consistency of the RFLP patterns as well as a high homogeneity between the majority of strains within each biotype. From the present data it may, therefore, be concluded that the two biotypes of serotype Gallinarum seem to be clonal in origin; but it is not possible yet to conclude how the strains of atypical patterns in one or more of the typing methods are related in evolutionary terms the others.
The common IS200 profile in serotype Gallinarum to is also commonly observed among representatives of different PTs of serotype Enteritidis [lo, 151, giving weight to the idea that these two serotypes belong to the same evolutionary line of the genus Salmonella, as suggested by Li et al. [8] .
The sequence of JEiC in serotype Dublin is very similar to that in Enteritidis, differing by only three nonsynonymous substitutions in a limited region of the gene [9] , and strains from these two serotypes cluster by analysis of isoenzyme profiles [8, 9, 181 . In addition, a subpopulation of serotype Enteritidis shows the same IS200 profile as that seen in all strains of serotype Dublin [l 11; the latter serotype may be considered part of the same evolutionary line as serotypes Gallinarum and Enteritidis. In support of this assumption, strains of serotypes Gallinarum, Enteritidis and Dublin share most of the bands in their SmaI ribotype patterns. Based on identity of IS200 patterns between serotypes Dublin and Rostock, and a high similarity between SmaI ribotype patterns of these same serotypes, Rostock is possibly a member of that same evolutionary line, but further analysis is required for confirmation.
Whilst the close relationships between serotypes Enteritidis and Dublin are reflected by both IS200 typing and identity in 16s ribotypes [16] , strains of Dublin do not show complete identity with strains of serotype Gallinarum in IS200 patterns, 16s ribotype [16] (data published for only one strain of biotype Pullorum) or by 16s + 23s ribotypes, as in the present investigation. Thus it seems that serotype Enteritidis forms a link in evolutionary terms between serotypes Gallinarum and Dublin.
In conclusion, strains of Salmonella serotype Gallinarum have been shown by three RFLP methods to be closely related and, furthermore, to show the same IS200 pattern as most strains of serotype Enteritidis. The groupings of strains obtained by the three methods were different, but the majority of strains in each of the biotypes Gallinarum and Pullorum, are very similar on a chromosomal level.
